The aim of this study was to determine the effects of 8 h of road transportation on physiological responses and meat quality traits of sheep at 6, 12, and 24 mo of age. Seventy-two male sheep were equally divided into transported (TRANS) and nontransported (CON) treatments (n = 36), and each treatment was subdivided into 3 groups by age (n = 12). Sheep in CON groups were weighed, blood sampled, and slaughtered, whereas sheep in TRANS groups were weighed, transported, blood sampled, and slaughtered to collect meat samples. The BW of sheep in TRANS groups was reduced significantly (P < 0.001) compared with CON sheep, and older sheep lost more BW than younger animals. However, dressing percentages of TRANS sheep were significantly (P < 0.001) greater than those of CON sheep. Some meat quality variables were affected by transportation, and responses of different ages of sheep varied. Total pigment content and lipid oxidation of LM and gluteus medius of TRANS sheep increased significantly (P < 0.001) compared with CON sheep. Cooking loss of LM and gluteus medius was influenced significantly (P < 0.01) by interaction effect between transportation and age, and the values for 6-mo-old TRANS sheep were less than those of CON sheep. Serum total protein (P = 0.036), globulin (P = 0.026), triglyceride (P < 0.001), and total cholesterol concentrations (P = 0.028) of TRANS sheep decreased compared with CON sheep. Serum NEFA concentration of TRANS sheep increased in relation to CON sheep with a significant interaction (P < 0.001) between transportation and age effect. Numbers of white blood cells were influenced (P = 0.002) by an interaction effect between transportation and age, and values for 6-mo-old sheep were not influenced by transportation. Numbers of platelets were influenced (P = 0.014) by age; they decreased more in 6-mo-old sheep than in older sheep. Transportation and age had no significant effects (P > 0.05) on packed cell volume and lymphocyte number. Serum creatine kinase activities in TRANS sheep were affected (P = 0.01) by an interaction effect between transportation and age. The 2-thiobarbituric acid reactive substances in serum of TRANS sheep increased (P = 0.009) with the greatest change for 6-mo-old compared with older sheep. In conclusion, 8 h of road transportation resulted in greater heme pigment concentrations but improved meat tenderness and induced physiological responses of sheep. However, different ages of sheep showed different responses to the present transportation pattern.
INTRODUCTION
In sheep production systems, it is usually necessary to transport sheep to sale yards, feedlots, or abattoirs for feed or slaughter, particularly for pasture-based farming systems. Based on market specifications, a portion of lambs are raised for meat because some consumers like the taste of meat from younger animals, and most sheep are slaughtered for meat at a specific BW. Some older sheep are slaughtered for meat because of reduced genetic characteristics or demand from consumers. Therefore, farmers often transport different ages of sheep together in one vehicle. However, it is not recommended to transport different ages of animals together according to the World Organisation for Animal Health (OIE, 2010) . The handling, loading, fasting, confinement, and novelty during transport can result in stressful, physiological, and behavioral changes for sheep (Grandin, 1997; Cockram et al., 2000; Broom, 2003b) . Furthermore, animals show different abilities to cope with stress due to feed and water withdrawal depending on their age (Fisher et al., 2008) . A better understanding of exact responses of different ages of sheep to transportation is needed to set transport rules according to age.
In some countries, there are no uniform limits on transportation duration for sheep. Research should provide detailed scientific data for national uniform regulations (Cockram, 2007) . Although a series of studies concluded that sheep can tolerate feed and water withdrawal for up to 3 d (Cole, 1995) , the European Union has set the journey time for sheep at not more than 8 h when using a so-called up-rated vehicle. If it is necessary to continue to transport sheep exceeding 14 h, a mid-journey rest of 1 h after a further maximum 14 h of transport should be given (European Council, 1997 Council, , 2005 Harris, 2001) .
Previous work has focused on the adverse effects of transportation with duration up to 24 h (Knowles et al., 1996) , 48 h (Fisher et al., 2010) , and 72 h (Horton et al., 1996) in sheep. The physiological stress of sheep during transportation can be indicated by the concentration of blood constituents, such as cortisol, glucose (GLU), plasma urea N (PUN; Krawczel et al., 2007) , and creatine kinase (CK; Fisher et al., 2010) . Some physical, physiological, and psychological responses during transportation are likely to reduce meat quality of lambs (Fuente et al., 2010) , and the reduced meat quality may be attributed to bruising, dehydration, and depletion of glycogen in muscle during transportation (Jarvis and Cockram, 1994; Knowles et al., 1994 Knowles et al., , 1998 . Based on the above information, further work is needed to confirm effects of road transportation on meat quality and physiological responses of sheep.
The objective of this study was to compare BW loss, blood biochemical variables, hormone concentrations, and meat quality traits between 8-h road-transported and nontransported sheep of 6, 12, and 24 mo old.
MATERIALS AND METHODS
The use of the animals and the experimental procedure were approved by the Animal Care Committee, Institute of Geography and Agroecology, Chinese Academy of Sciences, Jilin, China.
Animals and Treatments
A total number of 72 healthy Ujumqin sheep were randomly selected from a flock grazing on a natural pastureland with dominant forage species of Chlozis virgata, Aneurolepidium chinense, and Suaeda glauca. All sheep were kept in the same feedlot close to pastureland for 2 wk to allow them to get familiar with each other before the experiment. Sheep were blocked by age (6 Mo: 24 male lambs at 6 mo old with a BW of 23 to 29 kg, 12 Mo: 24 male sheep at 12 mo old with a BW of 33 to 37 kg, and 24 Mo: 24 male sheep at 24 mo old with a BW of 46 to 4 kg), and one-half of each age block was randomly assigned to the control (CON) or road-transported (TRANS) treatment.
Road Transportation Design
All 3 age groups of sheep in the CON treatment were individually weighed, blood sampled, and then slaughtered without transportation at 0600 h on August 25, 2010, for meat samples. All 3 age groups of sheep in TRANS treatment were individually weighed and loaded onto the same 1-deck rigid livestock truck with a 7.2 m long × 2.4 m wide × 2.0 m tall compartment, and the compartment had individual partitions to restrict the movement of sheep in transit. The sheep were transported for 8 h from 0600 to 1400 h on August 25, 2010 , in open air without feed and water available during transportation. Temperature ranged from 16 to 27°C, and the average humidity was 80%. Road transportation occurred mainly on public, straight, and flat tarmac highways with brief periods on rolling and about 2 km of bumpy country dirt road. The transportation was continuous at an average speed of 60 km/h, avoiding abrupt accelerations and decelerations. After 8 h of road transport, all sheep were unloaded, weighed, blood samples collected, and then sheep were slaughtered for sampling.
There was only 1 journey replication in the present study because of limited budget, though more than one may be better. Both treatments had enough animal replications to analyze; moreover, transport conditions, such as ambient temperature and humidity, vehicle type and design, and driving methods, are detailed enough according to similar reported experiments with 1 journey replication (Cockram et al., 2000; Krawczel et al., 2007) .
Slaughter and Sampling Procedure
Sheep in the CON groups were weighed, had blood collected, and were slaughtered without transportation, whereas sheep in the TRANS groups were weighed, transported, had blood collected, and were slaughtered to collect meat samples. Blood samples (18 mL) were collected via jugular vein from each sheep, 15 mL of which was transferred into 2 Vacutainer serum tubes (366442, Becton Dickinson, Vacutainer Systems, Rutherford, NJ), and the tubes were placed in an ice bath and taken to the laboratory. The remaining 3 mL of whole blood was put into aseptic Vacutainer tubes containing heparin and stored at 4°C until analysis. Thereafter, the serum tubes were centrifuged (Himac CR22G2, Hitachi Koki Co., Ltd.) at 2,500 × g at 4°C for 10 min. Serum was harvested and stored at −20°C until analysis.
All sheep were electrically stunned and slaughtered by exsanguination under commercial procedures, which was maintained according to the animal ethics com-mittee of the Institute of Geography and Agroecology. The sheep were hung to remove the skin, head (at the occipito-atlantal joint), forefeet (at the carpal-metacarpal joint), and hind feet (at the tarsal-metatarsal joint). The viscera, such as heart, lungs, liver, spleen, kidney, and rumen, as well as the pancreas were removed. Afterward, carcasses were weighed and then chilled under commercial conditions at 4°C for 12 h in total darkness. Thereafter, the left side of carcass was used for meat quality variable measurements. Meat was removed from carcass within 24 h postmortem. About 300 g of left LM and 300 g of gluteus medius muscle (GM) were sampled. After that, 100-g subsamples of LM and GM were taken, sliced, vacuum-packed individually, and stored at −20°C for the measurement of heme pigment concentrations and lipid oxidation; another 100 g of subsamples of LM and GM, respectively, were taken and stored at 4°C for the determination of cooking loss and shear force; and the remaining 100 g of subsamples of LM and GM were stored at 4°C to measure pH at 1 and 24 h postmortem.
BW Loss and Dressing Percentage
Body weight loss during transportation was expressed as a percentage for comparisons between sheep with different initial BW. The dressing percentage of sheep was calculated using carcass weight taken immediately after slaughter.
Blood Constituents. The serum was used to determine total protein (TP), albumin, globulin (GLB), GLU, serum urea N (SUN), triglyceride (TG), lactic acid, NEFA, low-density lipoprotein-cholesterol, highdensity lipoprotein-cholesterol, total cholesterol concentrations (TCHO), alkaline phosphatase (ALP), CK, lactic dehydrogenase, glutamic-pyruvic transaminase, and glutamic-oxalacetic transaminase activities using an automatic biochemistry analyzer (Synchron CX5 Pro, Beckman Coulter, Fullerton, CA). The triiodothyronine, thyroxine, cortisol, and insulin concentrations in serum were analyzed using commercial kits, with inter-and intraassay CV being 6.9 and 5.2%, 10.8 and 3.9%, 6.8 and 5.2%, and 5.52 and 5.32% for the above corresponding hormones, respectively (Jiancheng Biology Co., Nanjing, China) and a gamma radiometer (HH6003A, Hehai Advance Technology Co., Ltd., Beijing, China). Whole blood was used to measure hemoglobin concentration, packed cell volume (PCV), and numbers of platelets (PLT), lymphocytes (LYM), neutrophils (NEU), and monocytes using an automatic blood cell analyzer (Coulter LH 750, Beckman Coulter).
Meat Quality Variables. The pH value of LM and GM at 1 and 24 h postmortem were measured using a portable-type pH meter (Testo 205, Testo AG, Lenzkirch, Germany) with a plastic-body, spear-tipped probe, coupled with a temperature probe. Cooking loss of muscle at 24 h postmortem was measured according to the methods reported by Ramírez et al. (2004) . Briefly, the muscle samples were weighed (F), vacuumpacked in plastic bag, and cooked at 80°C for 1 h by immersion in a water bath. After that, cooked samples were cooled under running water for 30 min, removed from the bags, blotted, and weighed (C). Cooking losses were calculated as (F -C) × 100/F (Jacob et al., 2006) . Shear force analysis was conducted according to the guidelines of the American Meat Science Association (AMSA, 1995) using a Warner-Bratzler shear device (C-LM3B, Beijing, China). The frozen meat samples were thawed over night (approximately 14 h) in a cooler at 4°C. Lipid oxidation of thawed LM and GM samples at 24 h postmortem was measured according to 2-thiobarbituric acid reactive substances (TBARS) by the modified method described by Schmedes and Hölmer (1989) , and the results were expressed as micrograms of malondialdehyde per gram of meat. Meat color variables of LM and GM at 24 h postmortem was indicated by the total heme pigment content (TPC) and measured at 24 h postmortem according to the methods of Ockerman (1985) after thawing. Briefly, 2.5 g of ground meat was placed in a 50-mL beaker. Then 10 mL of acetone, 0.5 mL of distilled water, and 0.25 mL of concentrate HCl were added into the beakers. Samples were well mixed, and the beakers were covered with parafilm and kept in the dark overnight at 4°C. Then samples were filtered through filter paper. The o.d. of filtrate was measured at 640 nm using a spectrophotometer (UV-2450, Shimadzu Co., Kyoto, Japan). A solution with 80% acetone, 2% HCl, and 18% H 2 O was used for the blank. The content (μg/g of meat) of total heme pigments was calculated by multiplying the o.d. by 680.
Lipid Oxidation in Blood and Meat. The TBARS of serum and meat homogenate was measured using a commercially available kit (Jiancheng Biology Co., Nanjing, China) according to the manufacturer's instructions. Briefly, meat samples of LM and GM (1 g) at 24 h postmortem were homogenized (1 min, 12,000 rpm) in 10 mL of saline (O'Keefe and Hood, 1980-1981) using a handheld homogenizer (ART MIC-CRA D-1, Müllheim, Germany). Thereafter, the meat homogenate was centrifuged at 2,000 × g for 15 min at 4°C to harvest supernatant for analysis.
Statistical Analyses
Data were analyzed by ANOVA using the generalized linear model procedure (SAS Inst. Inc., Cary, NC). The model included the main effects of road transportation and age, and their interaction were tested for significance using the residual as the error term. Data relation to WBC, RBC, and PLT were log-transformed to normalize variances before analysis. Means were compared by Tukey's multiple range tests when the main effects were significant. Statistical significance was declared at P ≤ 0.05.
RESULTS

BW Loss and Slaughter Index
Body weight loss data and slaughter variables are presented in Table 1 . Body weight loss values were affected (P < 0.001) by age of sheep. Older sheep lost more BW than younger ones (P = 0.018). Carcass weight of 6-Mo TRANS sheep was greater than that of CON sheep. Dressing percentage increased (P < 0.001) by transportation treatment; moreover, a significant interaction effect (P < 0.001) between transportation and age of sheep was found on dressing percentage.
Meat Quality Traits Variables
Meat quality trait variables are listed in Table 2 . Road transportation had significant effects on the pH at 24 h postmortem (P = 0.003), TPC (P = 0.039), and TBARS (P < 0.001) of LM and had significant effects on pH at 24 h postmortem (P = 0.002), TPC (P < 0.001), TBARS (P = 0.02), and cooking loss (P = 0.037) of GM. However, age had different effects on each muscle; for LM, older sheep (12-and 24-Mo) had lower pH at 24 h postmortem (P < 0.001) than 6-Mo sheep. For GM, older sheep (12-and 24-Mo) had higher pH at 1 h postmortem (P < 0.001) than 6-Mo sheep. The TPC of LM and GM increased (P < 0.001) with age.
Blood Constituents
Blood chemical variables are presented in Table 3 . The TBARS value was influenced significantly (P = 0.015) by interaction effect between transportation and age, and the value for 6-Mo sheep in the TRANS group increased compared with that of CON sheep. Road transportation had significant effects on concentrations of TP (P = 0.036), GLB (P = 0.026), TG (P < 0.001), and TCHO (P = 0.028), and all the variables in TRANS sheep decreased compared with those of CON sheep. The numbers of WBC were significantly (P = 0.002) affected by transportation and age interaction, and the value in 24-Mo TRANS sheep was greater than that of CON sheep. The concentration of SUN (P < 0.001), number of PLT (P = 0.014), and NEU:LYM ratio (P = 0.027) were influenced by age of sheep. There was a significant (P < 0.05) interaction effect between road transportation and age for the concentrations of GLU, TG, SUN, and NEFA in serum, and hemoglobin concentration and percentages of WBC, RBC, NEU, and monocytes in whole blood.
The data of enzyme activities and hormone concentrations are shown in Table 4 . There were significant treatment and age of sheep interaction effects on serum ALP (P = 0.01), CK (P = 0.009), lactic dehydrogenase (P = 0.007), and glutamic-oxalacetic transaminase (P = 0.04) activities and concentration of triiodothyronine (P < 0.001). The serum ALP activities in 6-and 12-Mo TRANS sheep decreased and serum CK activity in 24-Mo TRANS sheep increased significantly compared with CON sheep. The serum thyroxine, cortisol, and insulin concentrations were influenced significantly (P < 0.001) by age of sheep; moreover, all values in older sheep were greater than those of younger ones.
DISCUSSION
Physiological responses are useful to evaluate the adverse effects of transportation on animals (Costa, 2009) . It is universally recognized that transportation would decrease BW of animals depending on length of time without access to food and water, and sheep may lose 7% of their BW after a journey of 15 h (Knowles, 1998) . Consistent with previous studies, our results showed that 8 h of road transportation resulted in BW loss of sheep; moreover, older sheep lost more BW than younger sheep. Reason for BW loss is mainly due to feed and water deprivation and gastrointestinal tract emptying, and older sheep lost more because of their larger volume of gastrointestinal tract than younger animals. The BW loss during road transportation led to the dressing percentages in TRANS sheep being significantly greater than those of CON sheep.
Meat quality may be affected by many factors related to transportation, such as environmental temperature (Kadim et al., 2007) Mean values with different superscripts in the same row differ significantly (P < 0.05). Means values with different superscripts in the same row differ significantly (P < 0.05).
1 CON = nontransported treatment; TRANS = transported treatment; 6 Mo = 6-mo-old sheep; 12 Mo = 12-mo-old sheep; 24 Mo = 24-mo-old sheep.
2 TBARS = 2-thiobarbituric acid reactive substances; LDL-C = low-density lipoprotein cholesterol; HDL-C = high-density lipoprotein cholesterol; WBC = white blood cells; RBC = red blood cells.
bruising (Cockram and Lee, 1991) , and dehydration (Hogan et al., 2007) . Our present results showed that transportation increased final pH at 24 h postmortem in LM, but the values were still within normal range. In addition, the increased TPC in LM and decreased cooking loss in LM and GM of 6-Mo TRANS sheep indicated that transportation would make darker meat color, but did not change shear force values. These results are consistent with earlier studies in which transportation increased the ultimate pH and darkness of sheep meat Kadim et al., 2009 ), but studies in other animal species indicated that transportation improved meat tenderness (Xiccato et al., 1994; Villarroel et al., 2003) . The improved reason is mainly related to dehydration because dehydration affects myofibrillar and stromal protein tenderness of meat (Gerelt et al., 2002) . However, there was no strong evidence that sheep would be adversely affected by water deprivation during 24 h of transportation (Cockram, 2007) . Therefore, 8 h of road transportation would not result in dehydration of sheep and did not reduce shear force values in LM and GM of 6-and 12-Mo sheep.
Our current study showed that road transportation increased TBARS in LM and blood of 6-Mo lambs. Malondialdehyde is a secondary product of lipid oxidation (de Cavanagh et al., 2002) . Greater TBARS would shorten the shelf life of meat (Soldatou et al., 2009) . Little research has focused on the relationship between transport duration and lipid oxidation of meat. We suggest that it was easier for lambs to encounter oxidation stress than adult sheep during transportation. Thereby, we should pay additional attention to such a potential adverse effect in lambs. If it is inevitable to transport lambs for a long period of time, then methods to reduce lipid oxidation in meat need to be further investigated. Reduced transportation duration, lairage rest, and alternative transport methods could be used to improve anti-oxidative capacity of sheep because long-time starvation will increase TBARS of sheep blood (Gaál et al., 1993) .
Blood samples were collected immediately before slaughter for both CON and TRANS sheep, and blood samples of TRANS sheep before transport were not collected. Pretransport blood samples of TRANS sheep should not have been different from those of CON sheep if the animals were truly randomly allocated to the transport treatments. The CON and TRANS sheep were slaughtered at different times. Food and water deprivation should be one factor that triggers the responses of animals to transport. If CON and TRANS sheep were slaughtered at the same time, then effects of feed and water deprivation would be equal among all sheep.
Many physiological indicators can be used to assess stress and responses of animals during transportation, and blood albumin, TP, and PCV would increase if animals were subjected to dehydration (Broom, 2000; Knowles and Warriss, 2007) . Our current results showed that serum TP, GLB, TG, and TCHO in TRANS sheep Table 4 . Effect of road transportation on serum metabolic enzyme activities and hormone levels of sheep differing in age (n = 12) were reduced significantly compared with those of CON sheep, but we did not find any changes in blood PCV. These results may be because all sheep were not dehydrated during 8 h of road transport. Moreover, the present result is consistent with the study reported by Tadich et al. (2009) , in which blood PCV of lambs was not changed by 48 h of transport. Though the use of PCV as a potent indicator to evaluate dehydration of animals during transportation has been well documented (Knowles et al., 1995; Hall et al., 1998) , whether blood TG and TCHO are related to dehydration needs further confirmation.
The serum GLU concentration was affected by an interaction effect between treatment and age of sheep. Serum GLU in 24-Mo sheep in the TRANS group increased; however, this variable did not change in other ages of TRANS sheep compared with CON sheep. Greater blood GLU concentration in animals is indicative of the metabolic response to stress (Moberg, 1985; Ali et al., 2006) . Knowles et al. (1995) reported that decreased plasma GLU for up to 24 h would indicate metabolic exhaustion, and increased plasma GLU was most probably due to initial stress response. Based on above evidence, 24-Mo sheep encounter less glycogen breakdown and depletion during transport in relation to younger ones.
The serum NEFA concentration was increased by road transport treatment in the present study. The greater NEFA concentration in sheep during transportation might be attributed to lipolysis because of constant tonicity of muscles of sheep in the truck to maintain their balance (Kent, 1997) . Transportation could increase plasma NEFA concentration (Knowles et al., 1995) because food deprivation during transport results in depletion of liver glycogen so NEFA become the primary source of energy through mobilization of body fat (Gregory, 1998) . Therefore, increased plasma NEFA concentrations may be indicative of increased stress in small ruminants (Jarvis et al., 1996) .
Blood leucocyte count investigation has been used to assess the health of animals. Fisher et al. (2010) found that NEU:LYM ratio of sheep blood increased after transport. However, our present trial showed different results in that the numbers of NEU and LYM and the NEU:LYM ratio were not affected significantly by transportation. The reason for differences from previous work might be due to different transport duration, conditions, and the animal species chosen. According to the physiological measures, our results indicated that the sheep did not encounter severe physiological stress or that the sheep recovered during transport.
The CK activity is an important variable that reflect injuries and exhaustion that sheep encounter during transportation (Kent, 1997; Tadich et al., 2009 ). In the current trial, road transport increased CK activity, especially for 24-Mo sheep. Previous literature showed that physical injuries encountered during handling, loading, and slaughter were main causes of increased blood CK activity (Gregory, 1998) . Increased blood CK activity indicated the extent of muscular activity or damage during transportation (Parrott et al., 1998; Fisher et al., 2010) , and we observed that most of the sheep stood and were crowded together during the whole transport duration.
Though 8 h of road transport did not affect blood cell count and serum cortisol concentrations, they varied among different ages of sheep. The reason for this may be that the transport duration of 8 h is long enough for sheep to recover cortisol concentrations to pretransport concentrations, even though mustering and handling can result in increased blood cortisol at the early stage of transportation (Knowles et al., 1993; Broom et al., 1996) . Some studies agree with our explanations and reported similar results that blood cortisol concentrations peaked in the early stages of the trip but decreased to pretransport values over a few hours (Knowles et al., 1995; Cockram et al., 1997) . However, sheep of different ages possess different potential ability to recover according to current results. Young animals actually suffer more stress during road transportation than others (Broom, 2003a) , but this is not consistent with the present result. It is obvious that the present difference in blood cortisol is mainly ascribed to different ages of sheep, and older sheep have greater blood cortisol concentrations than younger ones.
In conclusion, road transportation of 8 h resulted in reduced BW and enhanced responses of lipolysis and body glycogen mobilization in terms of serum NEFA and GLU concentration changes, but did not result in severe physiological stress and dehydration for sheep according to serum cortisol concentrations and percentage of PCV. Moreover, responses of different ages of sheep to transport varied. Results of meat quality indicated that 8 h of road transport resulted in greater heme pigment concentrations and greater TBARS values. Decreased cooking loss in meat from 6-Mo lambs was not observed with meat from 12 and 24 Mo. In addition, many interaction effects between transport and age of sheep may imply that fixed transport conditions trigger different physiological responses of sheep. Sheep transported separated by age group rather than as all ages together might have given different results. Further work is needed to confirm this inference and the segregation of sheep by age for transport. 
LITERATURE CITED
